A B S T R A C T
We determined the structure and permeability variations of a 4 kmlong normal fault by integrating surface mapping with data from five boreholes drilled through the fault (borehole to tens of meters scale). The Big Hole fault outcrops in the Jurassic Navajo Sandstone, central Utah. A total of 363.2 m of oriented drill core was recovered at two sites where fault displacement is 8 and 3-5 m. The main fault core is a narrow zone of intensely comminuted grains that is a maximum of 30 cm thick and is composed of lowporosity amalgamated deformation bands that have slip surfaces on one or both sides. Probe permeameter measurements showed a permeability decline from greater than 2000 to less than 0.1 md as the fault is approached. Whole-core analyses showed that fault core permeability is less than 1 md and individual deformation band permeability is about 1 md. Using these data, we calculated the bulk permeability of the fault zone. Calculated transverse permeability over length scales of 5-10 m is 30-40 md, approximately 1-4% the value of the host rock. An inverse power mean calculation (representing a fault array with complex geometry) yielded total fault-zone permeabilities of 7-57 md. The bulk fault-zone permeability is most sensitive to variations in fault core thickness, which exhibits the greatest variability of the fault components.
I N T R O D U C T I O N
The permeability of fault zones is a function of the fault-zone architecture and the intrinsic properties of the fault-related rocks (Caine et al., 1996; Fisher and Knipe, 1998; Gibson, 1998) . Fault zones can be barriers to fluid flow, conduits, or a mixture of barriers and conduits. The fluid flow behavior of a fault zone varies as a function of fault permeability, geometry, and the location of the fault within the local/regional hydrologic setting. The response of fluid flow systems to a fault zone is controlled by the relative permeability values of different components in the fault zone, the interconnectedness of low-permeability fault-zone components, and the shape and dimensions of the resulting high-permeability compartments (cf. Manzocchi et al., 1999) . Ideally, a fault zone should be examined in three dimensions to understand fully the fault-zone architecture and permeability structure.
Increasing interest in production from fault-compartmentalized reservoirs (e.g., Gibson, 1994; Welbon et al., 1997; Fisher and Knipe, 1998; Hurlow, 1998; Ottesen Ellevset et al., 1998) and in drilling through fault zones (Santarelli et al., 1992) indicates that borehole-scale studies of fault properties and fault structure are necessary to quantify the in-situ permeability structure of faults. Of particular interest are the properties and extent of subseismic faults, typically those faults that have displacements less than 8-10 m that cannot easily be resolved using most seismic reflection techniques. Subsurface analyses of fault-related rocks, combined with mapping studies, allow us to develop three-dimensional interpretations of fault structure and properties. Data sets of this quality and breadth are uncommon, because faults are commonly considered a drilling hazard and, therefore, not cored. These analyses can lead to greater insights into fault growth processes and more robust predictive methods of in-situ fault properties.
In this integrated project, we obtained a complete set of drillcore and well-log data through a fault zone. Structural analysis allows us to evaluate the fault-rock hydraulic properties and examine the mesoscopic fault architecture. A series of probe permeameter and whole-core permeability tests demonstrates the variability of permeability within and around the fault zone and allows us to correlate permeability changes with rock character in both drill core and outcrop. This integrated approach leads to an understanding of the hydraulic structure of the fault zone in three dimensions and, hence, to a better understanding of the effect faults may have on flow in reservoirs.
G E O L O G I C S E T T I N G
The Big Hole fault is the southernmost fault in the Chimney Rock fault array in the northern San Rafael Swell, Utah (Figure 1 ). These mutually crosscutting northwest-and northeast-striking dip-slip normal faults accommodate north-south extension (Krantz, 1988) . Timing constraints on the age of faulting are poor. The San Rafael Swell is a broad east-vergent monoclinal flexure (Gilluly, 1929) , which is the result of broad arching of Precambrian through early Tertiary rocks. The San Rafael Swell began to form at about 75 Ma, and deformation ceased at about 58 Ma (Fouch et al., 1983; Lawton, 1986) . Extension parallel to the fold axis, perhaps in regions of maximum plunge, may be the cause of the faulting (Shipton, 1999) . Thus, the Chimney Rock faults are probably Late
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Cretaceous-early Tertiary faults. A crude overburden calculation based on a Late Cretaceous age and not accounting for compaction suggests that the Navajo Sandstone experienced a lithostatic load of 40-80 MPa and temperatures of 45-90Њ C during faulting.
The faults cut the 137-151 m-thick Jurassic Navajo Sandstone, a very fine to fine-grained eolian arenite. We informally divide the Navajo Sandstone into three members based on outcrop and core studies of the sedimentology (Thomas et al., 2000) : a poorly sorted dune cross-bedded sequence, a middle massive sequence of well-sorted fine sands, and a lower dune cross stratified sequence. The Navajo Sandstone is overlain by the Carmel Formation, a well-bedded, fine-grained limestone. Permeability of the Navajo Sandstone is typically in the 100-1000 md range (Hood and Patterson, 1984) . The Navajo Sandstone, in common with other porous rocks, deforms by producing deformation bands (as defined by Aydin, 1978; Aydin and Johnson, 1978) . Previous work showed that permeability within deformation bands is reduced by about three orders of magnitude with respect to the host rock (Pittman, 1981; Antonellini and Aydin, 1994) . Compartmentalization by deformation band faults has been found to concentrate posttectonic cement and hydrocarbons (Edwards et al., 1993; Antonellini et al., 1999) . Deformation band faults can, therefore, represent an important barrier to fluid flow in hydrocarbon reservoir rocks. Conversely, it has been suggested that an increase in permeability is created in the direction parallel to slip because of dilatancy and slip-surface generation (Antonellini and Aydin, 1994) .
The Chimney Rock fault array is, therefore, an excellent analog for similar faults in faulted sandstone reservoirs (i.e., Gibson, 1994; Antonellini et al., 1999; Fossen and Hesthammer, 2000) . The Chimney Rock faults intersect to create oil field-scale compartments of relatively undeformed host rock in the Navajo Sandstone (Krantz, 1988) . Similar faults in the Navajo Sandstone affect local production and injection programs. The nearest producing field in the Navajo Sandstone was the Farnham Dome field, at the north end of the San Rafael Swell. This abandoned CO 2 field produced 4.76 bcf gas, from an average porosity of 12%. The reservoir is a faulted anticline, with lateral sealing of the Navajo Sandstone by faults (Peterson, 1954; Morgan and Chidsey, 1991) . Currently, wastewater from coalbed methane operations is injected into the Navajo Sandstone northwest of the study area (Conway et al., 1997) .
The Big Hole fault strikes N70ЊE, dips 64ЊN at the surface, and has pure dip-slip slickenlines (Figure 1) . Throw along the fault is calculated from detailed surveys of the top of the Navajo Sandstone. From a maximum of 29 m, throw decreases approximately linearly toward the easternmost outcrop of the Navajo Sandstone, where the displacement is 8 m (Shipton and Cowie, 2001) . A linear fault-related structure in the Carmel Formation extends at least 500 m east of this point. Linear extrapolation of slip on the fault from the point of 8 m of slip suggests the tip line would be as much as 800-1000 m to the east of the last measurable displacement (Shipton and Cowie, 2001) . In this case, slip at drill site 1 is between 3 and 5 m.
Detailed outcrop mapping (Shipton and Cowie, 2001) shows that the Big Hole fault typically consists of a fault core surrounded by a damage zone (cf. Chester and Logan, 1986; Caine et al., 1996) . The fault core is a zone of fine-grained, cataclastically deformed rock up to 30 cm thick (Figure 2a ). This is bounded by, or contains, one or more narrow, typically polished or mineralized slip surfaces, along which much of the fault slip is interpreted to have been localized. The fault core commonly exhibits an internal structure of oppositely dipping deformation bands and slip surfaces in cross section (Figure 2b ) and in plan view consists of subparallel anastomosing deformation bands ( Figure  2c ). The damage zone contains anastomosing steep north-and south-dipping clusters of deformation bands. The outer edge of the damage zone is marked by the onset of deformation bands (Figure 1 ). Very few deformation bands occur outside this zone.
Individual deformation bands form by cataclastic grain crushing (Figure 3a ) (Aydin, 1978) , which results in a decrease in porosity and permeability (Antonellini and Aydin, 1994) . No chemical change is seen between the band and host rock. Individual slip surfaces are expressed in thin section as extremely narrow, opaque, planar structures surrounded by varying thicknesses of fine-grained fault gouge (Figure 3b ). The fault core consists of very fine grained fault gouge and pods of relatively undeformed host rock (Figure 3c ). The finegrained gouge within the fault zones ( Figure 3d ) may have porosity less than 1% (Shipton and Cowie, 2001 ) and a permeability of at least seven orders of magnitude less than that of the host rock (Antonellini and Aydin, 1994) .
D R I L L I N G S T R A T E G Y
The overall objectives of our work were to (1) conduct a drill core-based structural analysis of the fault zone, (2) determine the geophysical signature and permeability structure of a fault zone at and below the limits of seismic resolution, and (3) perform permeability tests at a variety of scales within and across the fault. Defining drilling targets required combining these objectives within the constraints of access, fault displacement, water table level, and budget. Five holes (BH1-5) were drilled into the fault zone at two sites approximately 310 m apart ( Figure 1 ; Table 1 ). The boreholes were drilled from the hanging wall and are either vertical or inclined toward the fault (Table 1) . Drilling services were provided by Tonto Drilling Services (now Dynatec), Salt Lake City, Utah. All holes were cored using an HQ diameter (58 mm) core barrel. BH1, BH2, and BH3 were cored using single-tube coring tools, and BH4 and BH5 were drilled using a double-tube tool to improve recovery. The core was oriented using a three-scribe tool, and borehole orientations were photographically recorded at twominute intervals by Layne Christensen Services. The fault at site 1 has 3-5 m of slip and represents an example of a subseismic fault that could be hydraulically significant in a reservoir system. At site 1, two vertical boreholes and one borehole inclined at 70Њ were collared within the Carmel Formation (Table 1). BH2 and BH3 penetrate the fault zone approximately 7.5 and 15 m, respectively, along-strike from BH1. Here the fault offsets the upper, crossbedded unit of the Navajo Sandstone against the middle, massive, fine-grained unit (Thomas et al., 2000) . Two boreholes were drilled at site 2; BH4 was inclined at 90Њ, and BH5 was vertical. Eight meters of slip is measured at site 2. At this site, the erosionally resistant fault zone is exposed in a dry wash and cliff face within the Navajo Sandstone. BH4 and BH5 penetrate the fault along a dip line approximately 1.5 m apart at 47.5 true vertical depth (TVD) ( Table 1) . At this point the fault offsets the middle, massive sandstone against the lower, cross-bedded unit (Thomas et al., 2000) .
Drill core recovery and structural logging (including core photographs) was conducted in the field. The drill core was either washed in the lab (BH1, BH2, and BH3) or in the field (BH4 and BH5). Subsequent detailed logging was done in the lab. The structural logging consisted of numbering each fracture and fault, noting its relative and absolute orientations calculated (with respect to the scribe marks and with respect to north). The tops of each drill hole were surveyed, and the downhole surveys were rectified to northing, easting, and vertical down coordinates. Depths were reported in feet and subsequently converted to SI units.
All depths have been corrected to TVD in meters, and thicknesses are measured perpendicular to the fault zone.
S T R U C T U R A L A N A L Y S I S
We identified four major structural and corresponding permeability components of the fault zone on the basis of the core logs: the host rock, single deformation bands, the fault core, and slip surfaces (Figures 4, 5) . Single deformation bands appear as pale-colored planar structures that offset bedding. Relatively isolated deformation bands give way to clusters of deformation bands and then to a pale-colored fault core composed of densely packed, anastomosing deformation bands ( Figure 2a ). In each borehole we observe one or two extremely narrow (less than several millimeters thick), typically dark, slip surfaces. These typically lie at the edge, or in places within, the fault core. Some subsidiary clusters within the damage zone also contain slip surfaces. This deformation style matches that seen at the surface in cliff outcrops and in the base of the Big Hole wash (Shipton and Cowie, 2001 ). All of the faultzone components are observed in each drill hole, although the distribution of each of these components varies between the holes ( Figure 4 ; Table 2 ).
In outcrop, the narrow slip surface is typically associated with poorly indurated fault rock or an open fracture ( Figure 2b ). It was previously unclear if cement had been weathered out of these fractures, leaving them open, or if they were open in the subsurface. Such an open fracture could greatly enhance permeability (Antonellini and Aydin, 1994) . In BH3 and BH4, the slip surface is contained within a highly indurated and tight fault core, whereas in BH1, BH2, and BH5, broken core (poor core recovery) or an open main fault a n t it h e t ic c lu s t e r s y n t h e t ic c lu s t e r ? ? ? ? Figure 4 . Frequency of deformation bands logged in the cores of the five boreholes. At site 1, the boreholes encountered slip surfaces at about 59 m (dark line). The fault is surrounded by a cluster of deformation bands (dark shaded region). Two other indistinct clusters can be correlated between some of the boreholes (dashed lines). At site 2, the main slip surfaces were encountered around 47 m. Synthetic and antithetic deformation band clusters (dark shading) were encountered in the hanging wall and footwall of the fault zone. Pale gray shading indicates the damage zone as defined by the first and last deformation bands encountered in the hole. Depth is true vertical depth (TVD).
mode fracture exists along the slip surface. This shows that slip surfaces can be either tightly sealed or open fractures at depth.
At site 1, fault core thicknesses range from 6 to 32 cm and damage zone thicknesses from 11.5 to 19.8 m ( Figure 4 ). BH2 had the widest fault core and BH3 the widest damage zone, but little variability existed between the three holes. No subsidiary deformation band clusters are observed in the hanging wall in BH1, but a cluster at 47.5 m in BH2, which contains a slip surface, can be correlated to a smaller cluster in BH3. A rather indistinct cluster in BH1 could be correlated to a cluster in BH3 at 67.5 m. BH2 did not penetrate deep enough to hit this cluster. The maximum frequency of deformation bands in and near the fault zone is 10-12 per 0.5 m in all holes (Figure 4) .
At site 2, the fault core thickness is 33 cm in BH4 and 14 cm in BH5, essentially the same as at site 1. Damage zone thickness is between 26.7 and 27.4 m, lower than at site 1. A cluster of deformation bands is encountered in the hanging wall of the fault in BH4 and BH5. This is seen higher in BH5 (34 m) than in BH4 (39 m), implying that this cluster is synthetic to the main fault zone. These deformation bands lie about 2.6 m perpendicular to the main Big Hole fault. Another, probably antithetic, cluster of deformation bands is seen in the footwall between 55 and 57 m ( Figure 4 ). The maximum frequency of deformation bands in and near the fault zone is 10-12 per 0.5 m in all holes (Figure 4 ).
Structures measured in the drill holes have a much wider scatter in orientation than at the surface. In general, the drill core orientation data contain a dominant set subparallel to the main fault; however, a significant number of deformation bands are oriented at high angles to the main fault, an orientation not seen in surface outcrops. These are probably due to poor alignment of the core with respect to the orientation scribes or 58.7
variability of the scribe marks (twisting) down the core. This demonstrates the difficulty in determining the orientation of faults and fractures even in shallow oriented core. No difference in orientation is seen between site 1 and site 2, but this is as likely to be due to the poor quality of the data as to any real informa- *Fault core ‫ס‬ zone of tightly packed deformation bands adjacent to the main slip-surface; fault cluster ‫ס‬ deformation bands immediately around the fault core (not including subsidiary clusters); damage zone ‫ס‬ all the deformation from first to last deformation band seen in the core.
tion on deformation band geometry within the damage zone.
Borehole Geophysics
Only a summary of the geophysical well-log data is provided here ( Figure 5 ). Neutron, sonic velocity, 16Љ and 64Љ normal resistivity, and density-based porosity, gamma-ray, single point resistivity (SPR), spontaneous potential, induction, borehole televiewer, and calliper logs were run. From analysis of these logs we have been able to identify and distinguish the petrophysical signature of the fault-zone components and the stratigraphic units. The fault zone correlates well with an increase in 16Љ normal resistivity, SPR, spontaneous potential, and neutron logs and sonic velocity responses. These logs ramp up to a peak value from the hanging-wall side of the fault and drop sharply in the footwall side. A value for porosity can be calculated from these logs (with corrections for calibration errors) (R. Jarrard, 1998 Jarrard, , 1999 Jarrard, , 2000 . In general, the fault-zone porosity is 15-20% less than the host rock porosity (i.e., fault-zone porosity is 3-9%), which agrees with the results of Hood and Patterson (1984) and Shipton and Cowie (2001) . Sonic velocities of the host rock range from 2.5 to 3.0 km/sec and the fault zone exhibits an increase to 4-4.5 km/sec. No enhanced porosity is evident in the fault zone in any of the holes. The width of the low-porosity region defined from well logs is greater than that identified from structural logging. The two sites exhibit slight differences in the shape of the log signature, indicating that BH4 and BH5 encountered a slightly wider zone of reduced porosity, in agreement with the structural logging.
Many of the stratigraphic elements observed in the drill core can also be correlated with the well logs. For instance, in BH5 the difference between the crossbedded unit, underlying massive beds, and lower crossbedded unit can be seen in the neutron log ( Figure 5b ). The uniform signature of the massive unit presumably reflects a uniform fine grain size in these beds. A zone of reduced porosity between the upper cross-bedded unit and the massive sandstone (Figure 5b ) may correspond to a sedimentary bounding surface (Thomas et al., 2000) . This and other well-cemented host rock layers (Figure 5a ) show similar size signal in the well logs as the fault zone. Gamma-ray logs indicate very low clay contents, consistent with clean sandstones. In general, porosity decreases down the boreholes. 
P E R M E A B I L I T Y M E A S U R E M E N T S
We examined the fault-related permeabilities at three scales. A probe permeameter was used to investigate permeability variations at a centimeter scale along each drill core. Because these data are continuous, they provide a window of investigation over the thickness of the fault and fault-affected host rock (10-15 m scale) (see Chandler et al., 1989; Hurst and Goggin, 1995) . Permeability measurements on whole-core samples (decimeter scale) provide insights into permeability anisotropy, the permeability at confining pressures, and the permeability (k) of individual fault components.
Probe Permeameter Tests
Probe permeameter measurements (Hurst and Goggin, 1995) were taken at 3 cm intervals (Figures 5, 6 ). A thin slice was cut from the core to provide a flat surface for testing while preserving the bulk of the core for subsequent whole-core testing. The measurement range of the probe permeameter is from 0.1 to 10,000 md, with an accuracy of about 0.1%. Steady-state tests were performed by flowing nitrogen gas through airdried samples with an approximate volume of 1 cm 3 . In our raw data sets, values greater than 10,000 md were represented by 4 or 5 measurements. These high values are likely due to a poor seal between the sample and the probe permeameter or testing of an open bedding plane. These values were, therefore, not included in our subsequent data analysis.
The fault zone is expressed as a narrow, lowpermeability zone that correlates well with the position of the fault core determined from the structure logs ( Figure 5 ). Permeability declines from 1000 md to below the resolution of the instrument near the fault core or deformation bands. Below the fault zone we observed a return to background values of permeability in the range of 100-1000 md. The host sandstones exhibit reductions of permeability to 5-10 md over 20 cm of core distance. Fault core measurements showed permeability values ranging from 1 to 44 md, but with a preponderance of values around 1 or 2 md ( Figure 6 ). Measurements where the permeameter nozzle hit deformation bands showed values of permeability ranging from 1 to 134 md, but with a preponderance of values around 10 md. This value does not reflect the true values of permeability for deformation bands because the probe permeameter nozzle is wider than an individual deformation band, so it also tests some of the host rock volume around the deformation band.
The tested intervals also exhibited the influence of primary sedimentary structure (Figures 5, 6 ). Numerous high-permeability zones, some greater than 8000 md, are from poorly cemented, high-porosity eolian cross-bedding surfaces. The sandstone in BH4 and BH5 displays a broad band of nearly homogeneous permeability above the fault zone. This is in the middle, more massive, member of the Navajo Sandstone ( Figure 5 ). Low-permeability bounding surfaces have permeability signatures that are very similar to those of the main fault core. The host rock permeabilities measured here agree well with other data on the Navajo Sandstone in the region (Hood and Patterson, 1984) .
Whole-Core Permeability Measurements
We measured the permeability of whole-core samples over a range of pressures in triaxial conditions. This highlights how anisotropy within the samples, such as deformation band intensity and orientation and the character and orientation of sedimentary structures, affects permeability anisotropy. These data also provide more information on the permeability of different fault-zone components. Permeability was measured in three orientations, along the sample axis (k v ), normal to the sample axis and perpendicular to the flat slabbed face (k 0 ), and normal to the sample axis and parallel to the flat face (k 90 ) (Figure 7) , at a confining pressure of 400 psi (2.8 MPa). Probe permeameter measurements were taken at 0.6 cm spacing on the whole-core samples. The values obtained for each whole-core sample typically fall within the range of the probe permeameter values, but where they deviate they can be explained, in part, by assessing the detailed internal structure of each whole-core sample. The whole-core samples are 9.5 cm long and 5.8 cm in diameter (Figure 7a ). Two samples contained structures; the other three tested the host rock. Sample BH3-1 is from within the fault core and comprises a dense network of deformation bands at 23Њ from the sample axis (Figure 7b ). Sample BH2-1 (Figure 7c ) contains a single deformation band oriented at 23Њ to the sample axis. Sedimentary stratification is difficult to discern in the faulted samples. The unfaulted samples include a sample that has poorly defined stratification (BH1-1, Figure 7d ), a sample that has cross stratification at 80Њ to the sample axis (BH3-2, Figure  7e) , and a weakly stratified sample that has bedding oriented about 30Њ from the sample axis (BH3-3, Figure 7f) .
The fault core sample (BH3-1) yields a minimum permeability (1-2 md) parallel to the core axis (k v ). This corresponds to similar values obtained with the probe permeameter in the fault core. The swarm of deformation bands extends fully across the sample, thus restricting flow along the core axis (Figure 7b ). The highest permeability is parallel to the intersection of the faults (k 90 ‫ס‬ 16 md), which is expected because this is the direction where the relatively high permeability host rock compartments are longest and most continuous. The difference between k 0 and k 90 is relatively low (k 0 is 84% of k 90 ), so this sample is effectively isotropic in the horizontal plane.
In the single deformation band sample (BH2-1) the value of k v is 180 md, reflecting the fact that the deformation band cuts across and is restricting flow through the entire sample (Figure 7c ). This is an average permeability value over the entire sample. To determine the permeability of a single deformation band we use the harmonic mean of the bulk sample (Cardwell and Parsons, 1945) ,
db av db av h h where k db is the permeability of the deformation band, k av is the measured permeability of the sample, k h is the permeability of the host rock, l is sample length, l db is deformation band width (1 mm), and l h is l ‫מ‬ l db . Using this method, a single deformation band has a permeability of 0.90-1.3 md, depending on the value used for host rock permeability. The lowest permeability in the single deformation band sample is k 0 (Figure 7c) . Here again the deformation band cuts across the whole sample. In the k 0 direction the fluid encounters relatively less host rock, so the bulk permeability is reduced further with respect to the host rock than in the k v direction. The highest permeability in the deformation band sample is parallel to the deformation band strike (k 90 ) and has a value of 463 md. This is still substantially lower than most of the host rock values, suggesting that the host rock near individual deformation bands is reduced in permeability. Host rock probe permeameter values in both of the faulted samples are reduced to between 211 and 555 md (Figure 7b, c) , which is generally lower than the host rock probe permeameter data from the unfaulted samples (Figure 7d, e, f) .
The internal structure of the host rock samples results in permeability anisotropy at the decimeter scale. The upper half of the weakly stratified sample exhibits cross stratification (Figure 7f ) that yields reduced permeability along the core axis (k v ). The unstratified lower half of the sample yields isotropic permeability in the plane normal to the sample axis (i.e., k 0 is 97% of k 90 ). The unstratified and stratified samples have higher permeabilities along the sample axis than normal to the axis. In both cases the apparent anisotropy is not large; thus, we consider both samples to be effectively isotropic.
Confining Pressure Tests
In the subsurface, confining pressure (P c ) has a significant effect on pore connectivity. Each of the four faultzone components can be expected to exhibit a markedly different permeability as a function of P c (Evans et al., 1997) . To evaluate the permeability of faultrelated rocks at approximately subsurface conditions, we tested the whole-core samples for permeability over a range of P c between 400 and 4350 psi (2.8-30 MPa). Permeability was measured in each of the three orthogonal directions before raising the confining pressure to the next level (Figure 8) . Table 3 shows the results of the confining pressure tests.
In the fault core sample (BH3-1), the value of k v decreases only slightly with increasing confining pressure (Figure 8a ). The framework of deformation bands that defines relatively high-permeability compartments is stiff, supporting the relatively undeformed host rock between them and reducing the effect of confining pressure. A larger decrease in permeability with increasing confining pressure is seen perpendicular to the faults (k 0 ): from 15 to 2 md. This is because a relatively larger proportion of host rock is affected by loading in this direction. Note that the absolute permeability values are low: compare the y-axes of the faulted samples (Figure 8a, b) to the unfaulted samples (Figure 8c, d, e) . The value of k 90 increases at the highest P c . This may be due to the presence of microfractures within the fault core. In the single deformation band sample (BH2-1), the values of k v and k 0 decrease only slightly with increasing confining pressure ( Figure  8b ). The value of k 90 also increases slightly but not by such a large percentage as in the fault core. The harmonic mean for these high confining pressures results in a k db between 0.45 and 0.66 md.
For host rock samples, k v changes little over the range of pressures investigated; however, k 0 and k 90 decrease by a greater amount (from 445-504 md down to 247-357 md). This is likely due to the dominant effects of higher permeability bedding planes, which are controlling the flow in the plane perpendicular to the sample axis. As confining pressure increases, these zones experience a reduced porosity and, thus, a reduction in permeability. The finer grained beds do not respond as much to an increase in confining pressure, so the value of k v does not change with P c .
M O D E L I N G P E R M E A B I L I T Y S T R U C T U R E O F T H E F A U L T Z O N E
We apply our structural analyses and permeability results to a subsurface setting by modeling the permeability of the fault zone and determining the reduction in permeability relative to the host rock. Such calculations are required to incorporate fault zones into reservoir models (Manzocchi et al., 1999) . We estimate the permeability for the fault zone by considering weighted means of all the components in a grid block (Cardwell and Parsons, 1945) . Although these methods were originally developed for estimation of the bulk permeability of a sedimentary package (Deutsch, 1989; Jensen et al., 1997) , these analyses can equally apply to bulk permeability of a fault zone (Antonellini and Aydin, 1994) . We consider three end-member effective permeability calculations for the fault zone and use the four-component system for the fault zone described previously.
Two calculations are used to estimate the permeability of components with parallel geometries, that is, layered stratigraphy or parallel fault-zone components. The weighted arithmetic mean is used to represent the permeability where flow is parallel to the fault zone. In this case
where k av is the mean permeability, k i is the permeability of the ith fault component, and h i is the thickness of the ith component. For flow perpendicular to the fault, the weighted harmonic mean estimates the fault-zone permeability as
These represent end-member permeability values of a layered system where the arithmetic mean represents k max and the harmonic mean is k min . All other effective permeabilities lie between these end members (Cardwell and Parsons, 1945) . These approaches do not represent faults with complex geometry, in which intersecting faults would concentrate flow through fault-bounded blocks of higher permeability sandstones (see Figure 7) . Thus, we use an inverse power mean to consider a random system of permeability structures (Jensen et al., 1997; K. Hestir, 2000, personal communication) :
av i
where ‫1מ‬ Յ p Յ 1. The inverse power mean is typically used to represent the bulk permeability of channel sands or other irregular sedimentary geometries (Jensen et al., 1997) , but there is no physical basis for choosing p, and it is commonly estimated by inverting data such as pressure data. A geometric mean *Porosity is measured in full diameter core holders with helium gas to determine Boyle's Law porosity. (Deutsch, 1989 ) is sometimes used to find k av , but these calculations require that the variability of k i be lognormally distributed (Jensen et al., 1997) . This condition is unlikely in our case. The structural data logged in each core is used to determine the number and total thickness of (1) fault core, (2) undeformed rock within the damage zone, and (3) deformation bands. For these simple onedimensional calculations, we correct for the orientation of the boreholes using a Terzaghi correction (Terzaghi, 1965) . The fault zone is approximated as a parallel series of low-and high-permeability zones. Thus, the analyses consider the geometry of the fault zone compatible with the end-member calculations. Our permeability data from the whole-core confining pressure tests are used to assign values for the host rock, single deformation bands, and the fault core. Permeability values for slip surfaces come from Antonellini and Aydin (1994) .
The results for k h of 600 md are summarized in Table 4 . As expected, k av for transverse flow yields the lowest k av of 7-19 md and fault transmissibilities of 0.01-0.03. Because of the small fraction of rock occupied by the deformation bands and faults, and because our simplified geometry allows flow into the high k zones, the arithmetic means of k av are close to k h , and flow parallel to the fault would be little affected by the presence of the fault zone. The inverse power calculations do not explicitly incorporate any information regarding geologic structure and yield spurious results for ‫1מ‬ Ͻ p Ͻ 0.3. For 0.4 Յ p Յ1, they suggest a permeability range of 7-57 md. The three sets of results taken together suggest a strongly anisotropic fault zone, in which flow across the fault is limited and flow parallel to the fault would be enhanced. Connected, fault-bounded regions of host rock would exhibit a baffled-flow geometry with intermediate permeability values. 
Sensitivity Analyses
We examined the impact of varying the characteristic fault-zone components: (1) fault core thickness, (2) deformation band permeability, (3) length scale over which the permeability is estimated (Antonellini and Aydin, 1994) , and (4) host rock permeability. These may exhibit significant variability at the outcrop to oil field scale (Foxford et al., 1998; Walsh et al., 1998; Beach et al., 1999; Hesthammer and Fossen, 2000; Shipton and Cowie, 2001 ). The lowest permeability case, flow perpendicular to the fault zone (transverse flow), is considered for these analyses. The sensitivity analyses are performed on a fault with a geometry and number of deformation bands represented by the fault zone in BH1 (Table 2) . Increasing fault core thickness results in an exponential decline in transverse permeability, converging to a minimum of less than 5 md for thickness greater than 0.5 m (Figure 9 ). The sharp decline for values of fault core thickness of 0-0.5 m, combined with the variability of this parameter in our data, indicate that the short-scale fault-zone permeabilities may range from 5 to 35 md in a given fault. Varying the number or permeability of deformation bands outside the fault core has less impact than changing fault core thickness. Reducing the value of k db results in a sharp decline in k av to values of much less than 1 md, and this effect is most pronounced where k db drops below 2 md ( Figure  10 ). Increasing the number of deformation bands and holding all other factors constant results in dropping k av to values of 3-4 md over the distances considered locally. The decrease of bulk permeability with an increase in the number of deformation bands is seen in the experimental data of Mair et al. (2000) . They show an exponential decay of permeability across their experimental samples with increasing axial strain, which they correlate with the number of deformation bands in their sample beyond the point of failure (Mair et al., 2000) .
Typically, the scale of cell blocks in numerical reservoir simulators is 10 m and greater (Manzocchi et al., 1999) . At this cell size, the calculations consider a volume of rock with only minor volumes of faultrelated rocks. Equations 2 and 3 suggest that as the cell size is increased (effectively decreasing the fault/ host rock ratio), k av should increase (Antonellini and Aydin, 1994) . At cell sizes of 30-40 m, the bulk permeability is 2 to 3 times the values calculated at the 5-10 m scale. As the cell size increases, the impact of individual deformation bands declines and permeability linearly increases. The slope of the relationship is a function of the thickness of the fault zone, with thicker zones having a greater impact over the longer distances. Variation of host rock permeability has little impact on the absolute values of bulk permeability (Figure 9 ), except for the case where the host rock permeability approaches the fault-zone values. This is not appropriate for modeling deformation bands in high-porosity sandstones.
D I S C U S S I O N

Fault-Zone Components
We have used a multiscale, multifaceted approach to determine the hydraulic structure of a fault zone in eolian sandstone similar to those encountered in the subsurface, albeit at shallow depths. The data show that a four-component system best represents the Big Hole fault structure: host rock, deformation bands, fault core, and slip surfaces (Figure 11 ). The variability in the orientation, thickness, and permeability of each of the fault components sampled is the result of inherent variability of the system combined with the sampling bias in the boreholes. The host rock here may be one of three types, with permeability ranging between 200 and greater than 2000 md. Deformation bands exhibit a relatively small permeability variation, around 1 md, but their orientations and densities can vary. The fault core has a relatively narrow range of permeability, typically less than 1 md, but its thickness can vary dramatically over the short distances sampled in the boreholes and as seen in outcrop (Shipton and Cowie, 2001) . Finally, the narrow slip surface may be either a tight zone of low permeability or may have open fractures formed along it, creating a zone of enhanced flow (not tested in these samples). Our probe permeameter data show a permeability effect on the host rock close to the fault that has not been recognized previously in studies of deformation band evolution. Host rock within the faulted wholecore samples has permeabilities reduced by an order of magnitude with respect to the host rock away from the fault. Sample BH3-3 is from a position closer to the fault (1.5 m core distance) and has a lower overall permeability than the other two host rock samples. The reduced porosity signature seen in the borehole geophysics includes some host rock, not apparently cut by deformation bands. These observations indicate that some reduction of permeability occurs close to the fault. This is possibly due to fault related cementation or grain-boundary rolling that collapses porosity without changing the shape of the grains. Our methods of detecting faults rely on a variety of wavelength detectors (structural logging, geophysical logging, permeameter measurements) that are tuned to different parts or dimensions of a fault (Schulz and Evans, 2000) . The work discussed here indicates that in the absence of detailed geophysical logs, especially image logs (e.g., Adams and Dart, 1998) , it is difficult to recognize small-deformation band faults, or to distinguish them from sedimentary features such as regional bounding surfaces. For reservoir models or the inversion of production data at the field scale, these fine-scale features may be significant.
Laboratory tests of triaxial permeability at a range of confining pressures enable us to quantify the permeability, and permeability anisotropy, of each faultzone component and to determine properties at oil field depths. Unlike other laboratory-based studies of faulted rocks, our results show that permeability has a complex dependence on confining pressure, depending on the orientation of the sedimentary and deformationinduced structures. For both the faults and low-density bedding surfaces, permeability is significantly reduced where the confining pressure shuts down the interconnected porosity.
Geometry and Permeability Anisotropy
How a fault may affect fluid flow in a sedimentary package is a function not simply of the hydraulic properties of the fault components but also their geometry. Because deformation band-dominated faults have low, but nonzero, bulk permeabilities and bound compartments of relatively undeformed host rock, flow may be communicated along or across the fault, depending on the along-strike and downdip continuity and areal extent of the fault-zone components. Continuous lowpermeability faults may produce long travel paths down the pressure gradient and, therefore, support a high oil column (Knipe et al., 1997) . Conversely, regions where the low-permeability fault core is narrow may provide a fast pathway for flow. The rate of flow is determined by the host rock permeability and the size of open spaces of higher permeability rock between lower permeability deformation bands. Flow along open fractures adjacent to the fault may allow flow downdip or updip along the fault. Thus, constraining the three-dimensional distribution of faultzone components is critical when attempting to assign permeability values to simulator cells.
When calculating bulk fault-zone permeability, we did not examine the effects of changes in continuity of the fault structure. The harmonic and arithmetic means model the permeability of systems with parallel permeability components, and the inverse power mean incorporates some complexity in fault geometry, but the exponent, p, must be determined empirically. In cases where faults are low-permeability barriers to flow, it may be more efficient to collate as much existing data on a producing field as possible (Knipe et al., 1997; Hesthammer and Fossen, 2000) and consider the likely fault structure over length scales of 10 m and greater (Antonellini and Aydin, 1995; Manzocchi et al., 1999) . For the Big Hole fault, the fault-zone permeabilities are on the order of 10-20% of the host rock. Modeling of the spatial distribution of the permeability structure can be developed through a process-based approach (Matthai et al., 1998) , through stochastic methods (Hestir et al., 1998) , or through a geostatistical approach (Deutsch, 1989) . In regions where faults are conduits, this approach may be less useful, as smearing the permeability structure into an averaged value may mask Because of the differences in fault core thickness and bulk permeability calculated for each fault core, the transmissibility multiplier varies for the two holes. For a cell length of 50 m, the fault encountered in borehole 1 effectively reduces the permeability between cell centers by only 10%.
high-permeability features that would allow premature breakthrough in a flooding project or allow communication between blocks during withdrawals. Manzocchi et al. (1999) present analytical solutions for incorporating the fault-zone permeability into flow simulators using a transmissibility multiplier, T. The transmissibility multiplier is the effective permeability divided by the distance between the centers, L, of two cells in a flow simulator. For a simple fault where permeability of the host rock is the same on either side of the fault, the transmissibility factor is given by Manzocchi et al. (1999, equation 7) :
Transmissibility Multipliers
We can examine the impact of a natural fault on a flow simulator by incorporating the results of the bulk transverse permeability of the fault zones. Using the results from boreholes 1 and 4 as examples and varying the distance between cell centers show the dramatic impact that the fault-zone thickness and the scale over which the transmissibility multiplier is calculated may have (Figure 12 ). The relatively thick, low-permeability fault zone reduces the value of T up to distances of 100 m and greater, whereas the thinner, higher permeability fault has a value of T of 0.9 at cell spacing of 50 m.
Fault-Zone Scaling
For subseismic faults where little data is available, it would be ideal to have empirical relationships that describe the parameters that most affect bulk fault-zone permeability. In the past, attempts have been made to relate fault-zone thickness, t f , and displacement, D. In the deformation band faults we describe, the fault core and the damage zone apparently exhibit different scaling with displacement. The fault core and fault-zone cluster thickness exhibit no correlation with the amount of slip on the fault (Table 2) . Complex threedimensional fault geometries mean that in some cases we may have intersected regions where the subsidiary clusters intersect, so that a wider damage zone surrounds the fault core, and vice versa. Damage zone thickness, as determined from the first deformation band recognized in the hanging wall through the ends of the drill holes, ranges from 10 to 24 m and does seem to correlate with the amount of displacement. This fits with the positive correlation between damage zone thickness and fault displacement seen by Shipton and Cowie (2001) in surface outcrops of the Big Hole fault. Manzocchi et al. (1999) suggest the following empirical relationship for a variety of rock types:
f This equation is the harmonic average of a variety of data sets. For our data set, this relationship would predict that the fault should be about 4.7 cm thick where the fault has 8 m of slip at site 2, and at site 1 with 3 m of slip, the fault should be only 1.8 cm thick. Clearly, caution should be used where applying global data sets to specific cases. It may be more appropriate to restrict the use of such relationships to the specific rock types and geologic settings under consideration (Evans, 1990; Shipton and Cowie, 2001) .
C O N C L U S I O N S
Given the importance that faults may have on fluid flow during drilling and production, marshaling all available data to infer the location, hydraulic properties, and structure of faults is important. We used a reservoir characterization approach, with complete core coverage, to examine a subseismic scale fault zone in eolian sandstone. Even this relatively simple system with one host rock and with one normal fault can have significant variability in the fault-zone permeability. By careful observations of drill core, probe permeameter tests, and permeability tests at confining pressures, we show that faults in eolian sandstone consist of a fourcomponent system: the host rock (and fault-affected host rock with a reduced permeability), deformation bands, the fault core, and slip surfaces. Each component exhibits its own set of structural characteristics and hydraulic parameters. Detailed probe permeameter measurements gave values of permeability for the individual components. Deformation bands are zones of cataclasis a few millimeters wide with permeabilities of 0.9-1.3 md. Slip surfaces are planes upon which the majority of the slip has occurred, within zones of deformation bands. At the surface, they are commonly planes of parting; within our drill core samples, they may be either planes of parting or mated surfaces. The fault core consists of tightly packed deformation bands and highly crushed rock with permeability reductions down to less than 1 md. The width of the fault core is highly variable both along-strike and downdip and cannot be correlated with the displacement on the main fault. Damage zone thickness (as determined from the first deformation band recognized in the hanging wall through the ends of the drill holes) does correlate with the amount of displacement.
The host rock exhibits considerable variability in properties, despite being within one unit of eolian sandstone. We have characterized three main subfacies within the Navajo Sandstone, each with distinct petrophysical characteristics. Upper cross-bedded units have permeabilities from 50 to 2000 md, reflecting their heterogeneous nature; middle, massive units have permeability values from 5 to 800 md, reflecting their fine-grained nature; and lower cross stratified units have permeability values from 100 to 3000 md, reflecting their coarse-grained nature. Wire-line log signatures show a reduction of porosity near the fault zone from 20 to less than 10%, values that correlate well with the other data. The low-porosity zone is wider than the fault zone identified in the core. This suggests that there is a zone of host rock around the fault zone that has reduced porosity. Some stratigraphic horizons, notably bounding surfaces between the three units, have geophysical expressions very similar to that of the fault zone. These results emphasize the usefulness of core or image log data in identifying the fault-zone and stratigraphic components.
Using three methods of averaging permeability on a grid block scale, we examined bulk fault-zone permeability and permeability anisotropy. We estimate the transverse fault-zone permeability to be 7-57 md for the faults sampled by our boreholes. Sensitivity analyses show that bulk fault-zone permeability is most dependant on the thickness of the fault core, suggesting that where present, such fault cores should be identified and thicknesses estimated for use in reservoir simulators.
This work clearly shows that subseismic faults in porous sandstones, if connected, can significantly affect the permeability of the system. Identifying the faultzone components and their properties are critical in determining the bulk hydraulic properties of the fault zone. Analyses of the subseismic part of the Big Hole fault show that faults with small displacements can have a significant reduction in permeability and thus affect the hydraulic properties of a reservoir. Our site is an analog for other faulted eolian sequences, and our work outlines an integrated approach for quantifying the in-situ hydraulic fault-zone properties using similar types of data in a producing region. This approach should be useful regardless of the rock type.
